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G. D. Mulders and C. Dominik: Probing turbulent mixing across the stellar mass range

Table 1. Parameters of our disk model, and ranges explored.

Parameter Value Range

p 1.0 0...2.0
Mdisk 0.01 Mstar 0.001...0.1
dust-to-gas 0.01 0.01...1
Tevap 1500 1000...2500
Rout [AU] 300 50...1000

amin[µm] 0.01 0.01...10

amax[µm] 1000 10 ... 105

q –3.5 –2.5 ... –4.5

αturb 0.01 10−6 ... 1.0

Table 2. Stellar-dependent model parameters.

Parameter Brown dwarf T Tauri Herbig Ae

Teff [K] 3000 4000 8500
L∗ [L⊙] 0.025 0.9 21
M∗ [M⊙] 0.08 0.5 2.0

Rin [AU] 0.011 0.07 0.30

Mdust [M⊙] 8 × 10−6 5 × 10−5 2 × 10−4

distance [pc] 165 140 140

Maccr [M⊙/yr] 0 3 × 10−8 0
τhalo 0 0 0.14

3. Fits to median SEDs

To compare our disk model to the three different data sets, we
used median SEDs. Instead of fitting all individual sources or
comparing them to a model grid, we only fitted our model to
one median SED to extract “typical” fit parameters. Furlan et al.
(2005, 2006) have shown that this approach works well, taking
into account the observed spread in mid-infrared colors.

When fitting the data, we tried to keep as many parameters
fixed as possible, see Table 1. Parameters that could not be fixed
because of the different stellar properties are given in Table 2.
These are the inner radius, which we kept at 1500 Kelvin and
the dust mass, which is a fixed fraction of the stellar mass of
10−4 M∗.

3.1.TTauristars

The Taurus median SED has been fitted using a hydrostatic disk
model by D’Alessio et al. (2006), which demonstrated the need
for grain growth and dust settling. Our goal is to reproduce these
results, but now in the context of a more self-consistent settling
approach to constrain the turbulent mixing strength, and not an
arbitrary height for the midplane layer of big grains. We have
extended the existing data set from Furlan et al. (2006) with sub-
millimeter fluxes at 850 µm using the catalog from Andrews &
Williams (2005). The data from D’Alessio et al. (1999) include
some non-detections and upper limits (see Appendix A). The
updated millimeter median is well fitted by a dust mass of 5 ×
10−5 M⊙, consistent with the result from Andrews & Williams
(2005).

To fit the median SED in the near-infrared, we needed to in-
clude viscous heating (Fig. 5). We did not self-consistently solve
the radial structure of the disk, but calculated the viscous heating
with a mass accretion rate of 3 × 10−8 M⊙/yr, the same as Furlan
et al. (2006). To fit the mid-infrared flux, we flattened the disk
by settling the dust. A turbulent mixing strength of α = 10−2

– a value commonly used for viscous accretion disks – over-
predicts the mid-infrared fluxes longward of 20 micron, which

Fig. 5. Observed median SED of T Tauri stars in Taurus (diamonds)
with quartiles (gray area). Overplotted is our best-fit disk model with
a turbulent mixing strength of α = 10−4 and an accretion rate of
3 × 10−8 M⊙/yr (solid line). Also plotted are a model with α = 10−2

(dotted line) and without accretion (dashed line). The gray line denotes
the stellar photosphere. The inset shows the millimeter regime.

arises from the region around ∼10 AU. We need to lower the
turbulent mixing strength to achieve a good fit, which results in
α = 10−4.

Because the 20 micron flux mainly probes the height of
the disk surface, there are also other ways to lower it, see also
Sect. 4.5. We can reduce the number of small grains, which will
lower the optical depth in the upper layers and decrease the visi-
ble disk surface. Decreasing the total disk mass would be incon-
sistent with the millimeter flux, but we can modify the grain size
distribution because it is dominated by big grains. Decreasing
the power-law index of the grain size distribution removes small
grains from the disk surface, but does not significantly affect the
mass in big grains near the disk midplane. Changing the power-
law index to 3.25 is sufficient to fit the median SED with a tur-
bulent mixing strength of α = 10−2.

3.2.Herbigstars

Spectral energy distributions for a large number of Herbig stars
are available, but a median SED has not been constructed be-
fore. We constructed one in Appendix B, which we present in
Fig. 6. To test the hypothesis that more massive stars have less
settled disks, we retained as many disks parameters from the
T Tauri stars as possible. We changed (see also Table 2) the disk
mass – which scales with the stellar mass and is increased with
a factor 5 with respect to the T Tauri star, consistent with the
submillimeter data – and the inner radius – which also increases
to be consistent with dust evaporation.

Although accretion does not play a role in the SEDs of
Herbig stars because of the increased stellar luminosity and
larger inner radius, the near-infrared fluxes (2–8 micron) of hy-
drostatic disk models underpredict the observations (Vinković
et al. 2006, see also Fig. 6). Different mechanisms have been
proposed to explain the difference, from an increased rim scale
height (Verhoeff et al. 2010; Acke et al. 2009) to halos (Vinković
et al. 2006; Verhoeff et al. 2011) to material within the dust
evaporation radius (e.g. Kraus et al. 2008; Tannirkulam et al.
2008a). Although an artificially increased scale height works
well for the mid-infrared SED (Acke et al. 2009), it does not
work well when fitting simultaneously the near-infrared region
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1. Magnetic fields support an extended disk atmosphere,
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Summary







1. Magnetic fields support an extended disk 
atmosphere.

2. The atmosphere absorbs enough starlight 
to cause the IR excess.

3. Fluctuating fields yield brightness changes 
with amplitudes like those observed.

4. The atmosphere can intermittently obscure 
the star in systems seen near edge-on, if 
dust has settled in the disks’ outer reaches.



What does it all mean?
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1. Most young stars with disks vary in the infrared, some 
because of starspots and accretion variability.

1. Cases with the optical steady while the IR varies are 
hard to understand unless the disk’s surface moves.

1. Such movements naturally arise in a magnetized disk 
atmosphere.

1. The atmosphere casts time-varying shadows.

2. The shadows move the snow line in and out.



http://flickr.com/photos/jeffstewartphotos


